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Abstract
The continuous development of microelectronic industry and miniaturization of microchips has
led to a demand for large amount of heat removal from their surface. Conventional cooling systems
are unable to extract such large amount of heat and thus necessitating efficient thermal
management. Pool Boiling provides a highly efficient way to remove high heat at low wall
superheats. Enhancement of heat transfer by pool boiling will result in reduced size and better
efficiency of the device. The current research work focuses on the application of enhanced heat
removal technique by macro-convection mechanism using an air injection system. Air injection
through the heated wall is hypothesized to provide significant heat transfer enhancement like the
convective component in pool boiling. The stirring action of bubbles is expected to provide heat
transfer enhancement by corresponding transient conduction and microconvection mechanisms.
Experiments are conducted in a pool of water at atmospheric pressure with air injected through
multiple nozzles over a superficial velocity range of 0.04 to 0.15 m/s over a 10 mm square heated
copper surface. The latent heat transfer component is kept low to reduce evaporation of water in
the air stream by lowering the bulk temperature. Heat transfer coefficients in the range 6.8 -13
kW/m2 °C were obtained with a superficial air velocity of 0.04-0.15 m/s. Using a jet impingement
model for the returning liquid to the heater surface, the theoretical estimated heat transfer
coefficients are found to be within 30% of the experimental values. The results from this work can
be used for enhancing single-phase liquid cooling of high-powered electronic devices as well as
other practical systems.
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Nomenclature
β

Receding Contact Angle (in degrees)

σ

Surface Tension Force (N/m)

g

Acceleration due to gravity (m/s2)

𝜌𝐿

Liquid Density (kg/m3)

𝜌𝐺

Vapor Density

Uy

Uncertainty of error.

By

Bias Error

Py

Precision Error

Up

Uncertainty in parameter.

Uai

Uncertainty in measured parameter ai

A

Area of the boiling surface (m2)

𝑉̇

Volumetric flow rate. (mL/min)

Cp

Specific heat (J/kg⋅K)

µ

Dynamic viscosity (N.s/m2)

k

Thermal conductivity of fluid (W/m.K)

va

Superficial velocity (m/s)
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1 Introduction
The continuous development in the microelectronic industry as well as nuclear reactors has called
for increased heat transfer performance. To accomplish that researchers have been constantly
involved in enhancing heat transfer coefficient and Pool boiling is the best way to remove high
heat at low wall superheat. This provides the opportunity to employ pool boiling heat transfer
enhancement technique in a wide range of field such as refrigeration and air conditioning industries
and semiconductor industries.

1.1 Pool boiling curve
To understand the basic mechanism behind boiling, a pool boiling curve is used as shown in Figure
1. In the pool boiling curve, heat flux is plotted in the abscissa and wall superheat, which is the
difference between the wall temperature and saturation temperature of the fluid, is plotted on the

Figure 1. Pool boiling curve for water boiling at 1 atm [1]
[10]

ordinate. The pool boiling curve consists of four different regions, natural convection boiling,
nucleate pool boiling, transition boiling and film boiling. Nukiyama [1] was the first person to
identify different regimes of pool boiling. The mechanism involved with each region is explained
briefly below:
(1) Natural Convection: When the excess temperature ΔT is below 5℃, no bubble formation
occurs, and heat transfer takes place from the solid surface to the bulk liquid occurs by
Natural Convection.
(2) Nucleate Pool Boiling: When the excess temperature ΔT is above 5℃, the onset on
nucleate pool boiling starts as shown by point A in Figure 1 and the bubbles are formed at
preferred location sites called the nucleation sites, these are microscopic cavities or dents
on the surfaces. As the excess temperature goes beyond point B, additional sites become
more active and more bubbles are generated. The higher density of bubbles leads to their
interaction. Bubbles from separate sites coalesce and merge together leading to the
formation of vapor film over the surface. As the heat flux goes on increasing, a maximum
value is reached known as the Critical Heat flux (CHF) shown by point C.
(3) Transition Boiling: As the temperature goes beyond critical heat flux, bubbles from an
increasing number of sites go on merging forming a continuous vapor film over the surface
thus reducing further contact between the liquid and surface. However, the vapor films are
not stable they can detach from the surface leading to the restoration of liquid and the
resumption of nucleate pool boiling. As there is oscillation between partial nucleate boiling
and unstable vapor film formation, it is referred as the region of transition boiling depicted
by points C and D in Figure 1.
[11]

(4) Film Boiling: When the excess temperature becomes high enough, a stable vapor film is
formed, and the heat flux “q” reaches its minimum value depicted by point D on the pool
boiling curve, known as the Leidenfrost Point. At temperatures beyond the Leidenfrost
point there is complete isolation between the liquid and surface and the region is known as
film boiling. Pool boiling continues, but on the liquid-vapor interface until the temperature
of the surface is reached beyond which there is catastrophic damage to the surface.

1.2 Passive pool boiling heat transfer mechanisms
There are different heat transfer mechanisms for pool boiling enhancement. A brief review of all
the mechanisms involved in bubble ebullition cycle and enhancement techniques was conducted
by Kandlikar [2]. The mechanisms described are represented in Figure 2. The dynamics of the
various heat transfer mechanisms are explained below:

Figure 2. Schematic representation of heat transfer mechanisms a nucleating bubble reported
in literature during pool boiling [2]

[12]

a) Transient Conduction: A widely acknowledged transient conduction model was introduced
by Mikic et al. [3] in which a portion of the superheated layer is separated with the departing
bubble. The area from which the superheated layer is taken away is twice the bubble departure
diameter and is called the area of influence as shown in Figure 3. After the departure of bubble,
liquid from the bulk comes in contact with the heated surface and the heat transfer to the liquid
is only by pure conduction.

Figure 3 Transient conduction model by Mikic et al.

b) Microlayer Evaporation: This mechanism refers to heat transferred from the microlayer
underneath a bubble. The microlayer undergoes thermal relaxation of the initial liquid
superheat during its formation and continues to thermally interact with the wall during its
existence as the bubble interface recedes into liquid and traverses back. Central region of the
microlayer may evaporate completely and the subsequent heat transfer to vapor in the dry patch
is negligible.
c) Microconvection: As the bubble interface recedes and advances on the heater surface during
the ebullition cycle, convective currents are created in the liquid outside the bubble base region.
The heat transfer due to this mechanism is classified as microconvection. Moore et al. [4]
discovered that the temperature of the wall beneath the bubble fluctuated during boiling and
proposed that microlayer evaporation extracted more heat from that region.

[13]

d) Contact Line Region: The contact line region exists at the boundary of the microlayer and the
liquid layer undergoing transient conduction. As the interface moves into the liquid during
bubble growth period, the liquid layer still experiencing transient conduction is lifted around
the bubble interface. At the same time, the high curvature of the interface near the heater
surface causes increased evaporation and rapid cooling of the liquid in this region. This is
reflected through a localized increase in the heat transfer coefficient in this region.

1.3 Pool boiling enhancement techniques
There exists various passive pool boiling techniques for enhanced performance. A brief description
of each is given below:
a. Increased surface area: This is one of the oldest and basic techniques to enhance the heat
transfer. Increased surface area accounts for more nucleation sites and thus enhancing the heat
transfer.
b. Increased Nucleation: The heat transfer can be enhanced by increasing the nucleation site
density. The overall heat transfer coefficient increases due to large number of nucleating
bubbles on the heater surface. The creation of nucleation sites can be done by many ways
which includes roughening of the surface to forming porous surface to creating reentrant
cavities.
c. Increased evaporation: It is noticed that evaporation takes place from the microlayer at the
bubble base. Efficient heat transfer can be achieved by increasing the surface area covered by
the liquid film. This can be done by creating holes and tunnels.
d. Increased wettability: The receding contact angle determines the shape of a bubble. As the
receding contact angle decreases the contribution from microlayer evaporation increases as well
as the heat transfer coefficient. It is noted that heat hydrophilic surfaces tend to flood the
[14]

nucleating activities and leads to hysteresis (temperature overshoot at onset of nucleate boiling).
Whereas hydrophobic surfaces don’t flood the cavities resulting in early nucleation and lower
hysteresis. But hydrophobic surfaces have poor wettability and low heat transfer performance.
Thus, surfaces combining a balance between hydrophilic surface and hydrophobic islands leads
to better heat transfer performance.

1.3.1 Macroconvection
A new type of enhanced heat transfer mechanism in pool boiling exists in which the departing
bubbles move in such a manner that separate liquid vapor pathway is created and the process is

a

b

Figure 4. Schematic representation of two types of macroconvection heat transfer outside the influence
region of a departing bubble. (a) Bubble departing normal to the surface and liquid flow toward the
nucleation site and (b) Bubble departing along the heater surface and liquid–vapor flow along the surface
away from the nucleation site [2]

termed as macroconvection. The macroconvection heat transfer enhancement takes place by two
ways. In the first mode the liquid acts as a high velocity impinging jet and flows toward the
nucleation site shown in Figure 4 (a). In this mode the high velocity of the liquid combined with
shortest travel distance over the heater surface results in high heat transfer. Also, the liquid
approaching the nucleation site receives heat and becomes superheated. This results in immense
growth of bubbles following nucleation and reinforces the macroconvective mechanism. In second

[15]

mode the exiting bubbles move over heater surface in a directed path as shown in Figure 4 (b) In
addition to liquid moving towards the nucleation site, the sliding bubbles provide microlayer
evaporation and contact line region heat transfer over a prolonged region. In case of detached
bubbles moving over heater surface, heat transfer is enhanced by disturbing the thermal boundary
layer. Another advantage of this technique is that the departing bubbles doesn’t hinder the
incoming liquid flow.

2 Literature review
The implementation of passive techniques such as porous, microporous surfaces, structured
surfaces such as finely cut grooves, fins has led to better heat removal process and provides the
opportunity to enhance the CHF and HTC in pool boiling. This literature review focuses on the
historical accounts of various passive enhanced pool boiling heat transfer mechanisms used by
various researchers with different microchannel geometries, different coatings and with different
micro structured surface areas to get better heat transfer coefficients.
The concept of using passive pool boiling techniques are used may researchers to enhance the CHF
and HTC. Liter and Kaviany [5] used modulated porous coatings to enhance the CHF nearly as
three times to that of the normal plain chip. The modulation separates the liquid and vapor phase

Figure 5 Physical model by Liter and Kaviany [3] showing separate liquid vapor pathway
[16]

to enable capillary assisted liquid feeding to the evaporation zone. A physical model pertaining to
separate liquid vapor flow paths is shown in Figure 5. The modulated porous coating provided a
CHF enhancement of 711 kW/m2 for single height modulated porous coating and 762 kW/m2 for
double height modulated porous coating.
Chen Li et al.[6] introduced Cu nanorods on copper substrate and they noticed some striking
features, the bubble diameters became smaller, the frequency of bubble release went higher and
there was 30-fold increase in the density of active bubble nucleation site. This is due to the
development of relatively small size of microdefects and enhanced wettability of the Cu surface
with Cu nanorods. Honeycomb structured porous plate has been used under saturated pool boiling
conditions by Okuyama and Mori [7] . The honeycomb porous plates have considerably small
micro-pores. The CHF was enhanced because of the automatic liquid supply due to capillary action
and subsequent reduction of vapor escape flow resistance due to separate passages for the liquid
and vapor. The micro-pores serve as the channels for the vapor to escape.

Figure 6. Heat flux for different microstructured surfaces employed by Bin Liu et
al. [6] surfaces showed the best HTC and CHF.

Surface modifications was also used by Bin Liu et al. [8] in their experiments. Uniformly
nanostructured surfaces (NPDS) was modified by electrophoretic deposition and two kinds of
micro/nanostructured surfaces (FLS1 & FLS2) was fabricated on copper surfaces by femtosecond
[17]

layer deposition. Composite micro/nanostructured surface (CS1 & CS2) were also used. N-pentane
was used as the working fluid and among all the surfaces the composite micro/nanostructured. The
pool boiling curves for these enhanced surfaces are shown in Figure 6.
Evaporation momentum force is used for providing separate liquid vapor pathways such that they
don’t interact, and it delays the vapor blanketing of the heater surface and it was introduced by
Kandlikar [9] .Evaporation at the liquid vapor interface of a bubble results in a force which is due
to the momentum of the bubble leaving the interface. This force pulls the interface and the contact
line region into the liquid and the resulting motion generates micro convection currents. As this
force exceeds the bubble retaining force due to surface tension, the bubble base exceeds in all
directions due to symmetry and thus leads to CHF. A contoured fin structure was used in which
the bubble moves away from the fin following evaporation momentum force through the contoured
surface while the liquid moves to the nucleation sites, the process is shown in Figure 7. A CHF of
300 W/cm2 is achieved at a wall superheat of 4.7℃.

Figure 7. Contoured fin design implemented for separate liquid vapor [7] pathways

Cooke and Kandlikar [10] did a detailed work on open microchannels where the bubbles nucleated
in the channels, glided through the walls before moving to the fin top and departing. They noticed
[18]

a CHF of 244 W/cm2 with a wall superheat of 9ºC and HTC of 269 W/cm2 ºC. Cooke and Kandlikar
[11] did another similar work on plain chip and noticed the enhancement wasn’t that profound
confirming the idea of open microchannels as an enhanced technique for heat transfer in pool
boiling.
Two step electrodeposition technique was used by Patil and Kandlikar [12] involving application
of high power current density for a shorter time followed by low power current density for a longer
time on porous and microporous surfaces. It was noted that time duration had no significant effect
on pool boiling performance, rather it was the morphology of the structures that enhanced the pool
boiling performance with cauliflower like structure yielding a heat transfer coefficient of 176
kW/m2 ℃.

Figure 8. Bubble nucleation and schematic of liquid–vapor pathways for (a-b)
sintered-throughout (c-d) sintered-fin-tops, and (e-f) sintered-channels as seen in
[11]
[19]

A study of different mechanisms was done for selectively sintered open microchannels by
Jaikumar and Kandlikar [13]. Three different porous coatings analyzed are sintered fin tops,
sintered throughout and sintered channels. Separate liquid-vapor pathways were induced in all the
three porous coatings using different heat transfer enhancement techniques Figure 8. shows the
liquid-vapor pathways in the three coatings. Area augmentation was used to induce separate liquid
vapor pathway in sintered-throughout. Whereas bubble induced liquid jet impingement was used
for creating separate liquid vapor pathways in both sintered-fin-tops and sintered-channels. The
bubble induced liquid jet impingement in sintered-channels has an advantage over the sintered fintop. It is because nucleation occurs in channels rather than the fin tops which is at higher surface
temperature and doesn’t interrupt the prevalent convective flow.

Figure 9. Schematic showing the liquid supply and vapor removal pathways for
a NRFC configuration

A different type of configuration was used by Jaikumar and Kandlikar [14] in which they used
NRFC (Nucleating Region with feeder channel) channels. They are enhanced microstructures
where the liquid supply to the nucleation sites is enhanced through feeder channels that transport
liquid from the bulk toward heater surface. The feeder channels provide a pathway on the heater
surface for the liquid to flow uninterrupted towards the nucleation regions Alternating the
nucleating regions from non-nucleating regions induces separate liquid vapor pathways for
departing bubbles and incoming liquid, additional enhancement was noticed when the feeder
[20]

channels directed the liquid towards the nucleating region. Figure 9. shows a schematic of a NRFC
chip surface where the nucleating region channels are separated by bank of feeder channels.
The nucleating region width is governed by the bubble departure diameter. The bubble departure
diameter along with developing flow region plays an important role on the efficacy of
macroconvection as given by Kandlikar, Emery and Jaikumar [15]. Three important region exists
based on the bubble departure diameter and developing flow length as shown in Figure 10.

Figure 10. Schematic representation of proposed liquid-vapor transport mechanisms based on the role
of the bubble departure diameter and developing flow length

The first region being interfering bubble region where it basically sets the lower limit in
establishing a flow field with separate liquid-vapor pathways. Liquid inflow is interrupted, and
heat transfer is drastically reduced due to the inability of the liquid to enter the feeder channels. In
the second region, the bubble coalescence is avoided by adjusting the nucleating regions such that
the bubbles arising from adjacent nucleating regions don’t coalesce. There is uninterrupted liquid
flow in the feeder channels in the form of impinging jet liquid. Also, the heat transfer is enhanced
due to developing flow region effects. The cumulative benefits of uninterrupted liquid flow and
shortest possible developing flow region length are expected to increase the heat transfer
[21]

performance and are therefore identified as L-V pathway region. In the third region when the
feeder channel lengths are longer, the developing flow region length effect diminishes, and the
heat transfer is reduced and is named as the diminished jet region.
The nucleating region spacing is governed by bubble departure diameter given by Fritz’s equation:

𝜎
𝑑 = 0.0208√[
]
𝑔(𝜌𝐿 − 𝜌𝑔 )

(1)

The departure bubble diameter is calculated to be 2.2 mm for β= 42.5° and σ = 58.9 mN/m for
water at 100℃.

[22]

3 Hypothesis
In pool boiling, the high heat transfer coefficient is mainly caused by the stirring action induced
by the bubbles on the heater surface and subsequent evaporation at the bubble's liquid-vapor
interface that supports the bubble generation and development.
It is hypothesized that replacing the nucleating bubbles with air bubble injection at the surface of
the heater causes stirring action and in the absence of evaporation, increases heat transfer.

4 Objectives
1. The primary objective of this experimental work is to validate the hypothesis and assess the
effects of heat transfer performance by air injection.
2. To quantify the role of water evaporation in the air within the bubbles by adjusting the degree
of subcooling of the liquid. Liquid evaporation needs to be kept low in a realistic cooling system
using this technique to prevent coolant loss. In order to minimize the contribution of latent heat
to the overall heat transfer efficiency, find out the optimal bulk liquid temperature for
conducting experimental tests.
3. To conduct tests at various air flow rates and analyze its effects on the heat transfer performance.
4. To analyze the high-speed videos and validate the equivalence between feeder channel length
of ANRFC-3 (Air Nucleating Region Feeder Channel-3) microchip and bubble departure
diameter.

[23]

5 Experimental Investigation
5.1 Overview
The experimental setup is an open system, and it comprises of four main components which are:
1. Test chip
2. Manifold
3. Heating Unit
4. Data acquisition system
Apart from the aforementioned parts there are other components which were used in the test setup
namely:
1. A water cuvette which acts as a reservoir for the working fluid (distilled water for our
experiment).
2. A high-speed camera for capturing high resolution images and videos,
3. Four K-type thermocouples by Omega.
4. A condensation chiller for maintaining the temperature of the working fluid at the required
level.
5. A copper heater block of 4x200 W embedded cartridge heaters.
6. A power source which provides the heat flux to the test setup.
A schematic diagram of the experimental setup is shown in Figure 11.

[24]

Air chamber

Chiller

Water inflow

Power supply

DAQ

Thermocouples

Water outflow

Figure 11 Experimental test setup
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5.2 Experimental Test setup
The schematic of pool boiling setup used for this experimental work is shown in Figure 12. The
test chip was enclosed in a Garolite chip holder. A glass water bath measuring 14mm x 14mm x
38 mm was used to hold the working fluid which is distilled water for our experiment. A rubber
gasket was used to seal the two contacting surfaces and it also covered the area outside the
100 mm2 boiling surface. Additionally, this area was further covered with a Kapton tape to prevent
it from participating in heat transfer. The water bath was supported on the upper side by a middle
Garolite plate and was attached to the top aluminum plate using two stainless steel socket head cap
screws. A water reservoir was kept above the middle Garolite plate and top aluminum plate to
replenish water in the bath as when required. The water reservoir was sealed with rubber gaskets
on all sides to ensure against leakage. The top aluminum plate has two openings, one for the

Water inlet from condensation
chiller

Hole for thermocouple
probe

High-speed camera
Water outlet to condensation
chiller
Test chip
Garolite chip holder

K-type thermocouples
inserts

Copper heater block
Embedded cartridge
heater
Compression spring

Figure 12 Experimental setup
[26]

incoming cold distilled water from the condenser chiller to maintain the saturation temp of the
liquid below 100℃ and another one is for the thermocouple probe.
The bottom section of the test setup consists of a copper heater block of 4 x 200 W embedded
cartridge heaters. The heater block was housed in a ceramic sleeve fitted in an aluminum base,
which was supported on four compression springs to provide the required degree of movement to
establish contact with the test chip and to accommodate for any expansion during testing. Grafoil
paper was inserted as a thermal interface material between the heater block and test chip to
minimize contact resistance. A National Instruments cDaq-9172 data acquisition system with NI9213 temperature module was used to record the temperature. A LabVIEW VR virtual instrument
displayed and calculated the real-time surface temperature and heat flux.

5.3 Test section
The test microchip used in this study consists of a square copper chip of 17 mm x 17 mm with a
10 mm x 10 mm central boiling area, as shown in Figure 13. To minimize the heat losses from the
area where experimentation is not conducted, the excess area outside the boiling surface was sealed
with Kapton tape. As shown in Fig., three thermocouples T1, T2 and T3 were inserted along the
length of the test chip to obtain the appropriate heat flux and surface temperature calculation. Three
thermocouple holes were drilled into the test chip of dimension 0.63 mm and the vertical distance
between each thermocouple hole is 1.5 mm. The area outside the boiling region on the chip which
is not exposed to the water is noted. Although the Kapton tape is used on this exposed area, by
natural convection, the lateral conduction in the copper induces heat loss to the ambient air only
on the outside region of the air-exposed test chip. The test chip contains 21 holes through which
air reaches the top of the chip test surface and has 52 fins of dimensions (2.1 mm x 0.2mm x 0.4

[27]

mm). The holes are drilled in specific spots of nucleating regions where bubble nucleation was
observed on NRFC -3. As the design is inspired from the NRFC-3 chips, the test chip for this
experimental work is called ANRFC-3 (Air Nucleating Region Feeder Channel) microchip shown
in Figure 13.

17 mm
Air
holes

10 mm

17 mm

Air inlet
Thermocouple, T1
Thermocouple, T2
Thermocouple, T3
10 mm

Figure 13 Top view & cross-sectional view of the microchip

5.4 Manifold for test chip
The test chip is assembled with a Garolite manifold. Garolite is selected to minimize the heat
losses. The manifold required certain modifications to be able to perform the function of providing
air to the test chip. The manifold provided air passage to the three holes in the test microchip. The

Air inlet
Test chip

Air injection
holes

Air passage from
manifold to test chip

Manifold

Figure 14 Isometric view and cross-sectional view of the manifold and test chip assembly
[28]

dimension of the 3 holes of test microchip is 0.81 mm. The test microchip and manifold assembly
is shown with air passage is shown in Figure 14.
The manifold design had to be changed for better air flow distribution through the manifold and
test microchip. A comparison of the initial and final assembly of manifold, test chip is shown in
Figure 15.

Initial Design

Garolite
Chip Holder

Final Design

Chip

Air injection
Columns
Direction of air
flow

Manifold

Figure 15 Top view for comparison of the initial and final manifold design for air flow

5.5 Output
5.5.1 Data acquisition
Temperatures are recorded at four different locations to identify the state of boiling during an
experiment. The data acquisition system comprises of following components:

1. Thermocouple

2. Analog temperature module
[29]

3. Logging Device

Temperature is recorded using K type thermocouple manufactured by Omega. The thermocouples
generate an analog signal which is conditioned by the National Instrument NI-9211analogue
temperature module. The module is mounted on Ni-cDAQ-9172 chassis. Together with the module
and chassis, LabView provides the software to monitor and record the temperature on to the
computer.

Out of the four thermocouples used to monitor the experiment, 3 thermocouples are used to
monitor the temperature of the copper heating chip as discussed in the previous section and the
fourth thermocouple is used to measure the temperature of liquid bulk. The output from these
thermocouples can be monitored on LabView and stored on the Computer for further calculations.

5.5.2 Calculation
To conduct the calculations, the heat flux, q”, to the chip surface was calculated by Fourier’s 1-D
conduction equation:

𝑞" = −𝑘𝐶𝑢

𝑑𝑇
𝑑𝑥

(2)

where, kCu is the thermal conductivity of copper and dT/dx is the temperature gradient. The
temperature gradient was calculated by Taylor’s backward series expansion:
𝑑𝑇 3𝑇1 − 4𝑇2 + 𝑇3
=
𝑑𝑥
2∆𝑥

(3)

where, T1, T2, T3 is the temperature of the top, middle and bottom thermocouple, and Δx is the
distance between the thermocouples.

[30]

The boiling surface temperature, Twall, is calculated using the distance between top thermocouple
and the chip surface, x1, as:
𝑇𝑤𝑎𝑙𝑙 = 𝑇1 − 𝑞" (

𝑥1
)
𝑘𝐶𝑢

(4)

The heat transfer coefficient is calculated, h by the following formula:

ℎ=

𝑞"
𝑇𝑤𝑎𝑙𝑙 − 𝑇𝑙𝑖𝑞𝑢𝑖𝑑

(5)
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Figure 16 Heating test chip schematic
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6 Uncertainty analysis
Whenever we measure something, the value that we obtain is not the true value, there are always
some errors or uncertainty associated with it. To quantify those errors there are two components
to any measurement uncertainty:
•

Bias or Systematic error: The average error between a true value and a measured value.

•

Precision or Random error: The standard deviation of measured values from a mean
measured value.

The parameters contributing to errors are due to faulty thermocouple calibrations, thermal
conductivity of copper and the distance between the thermocouple spacing on the test chip. The
bias errors in our experimentation are due to errors from calibration and precision errors are due
to sensitivity of the testing devices.
The cumulative effect of bias and precision error can be expressed as overall error or uncertainty:
𝑈𝑦 = √𝐵𝑦2 + 𝑃𝑦2

(6)

where, Uy is the uncertainty or error, By is the bias error and Py is the precision error. The general
uncertainty equation is expressed as:
𝑛

2
𝛿𝑝
𝑈𝑝 = √∑ (
𝑈𝜎𝑖 )
𝛿𝜎𝑖
𝑖=1

The temperature gradient along the test chip is expressed as:

[32]

(7)

𝑑𝑇 3𝑇1 − 4𝑇2 + 𝑇3
=
𝑑𝑥
2∆𝑥

(8)

where, T1, T2, T3 are the temperature corresponding the top, middle and bottom the test chip.
The uncertainties of these variables can be found by finding the standard deviation of each
respective value from the mean and then multiplying them with the true value. The total bias
uncertainty can be expressed in terms of q” as:
𝑈𝑞 ”
𝑞”

(9)

2

2

2

2

2

2
2
2 𝜕𝑞 "
2
𝜕𝑞 "
𝜕𝑞 "
𝜕𝑞 "
𝜕𝑞 "
(𝑈𝑥 )2 + (
)
+(
) + (𝑈𝑇2 ) (
)
√(𝜕𝐾𝐶𝑢 ) (𝑈𝐾𝐶𝑢 ) + ( 𝜕𝑥 )
𝜕𝑇1 (𝑈𝑇1 )
𝜕𝑇2
𝜕𝑇3 (𝑈𝑇3 )
=
𝑞”2

The sensitivity coefficients can be calculated in terms of q” as follows.
𝑑𝑞"
3𝑇1 − 4𝑇2 + 𝑇3
= −(
)
𝑑𝑘𝐶𝑢
2∆𝑥

(10)

𝑑𝑞" 2
𝑞" 2
(
) =(
)
𝑑𝑘𝐶𝑢
𝑘𝐶𝑢

(11)

𝑑𝑞"
3𝑇1 − 4𝑇2 + 𝑇3
= −𝑘𝐶𝑢 (
)
𝑑𝑥
2∆𝑥 2

(12)

𝑑𝑞" 2
−𝑞" 2
) =(
)
𝑑𝑥
∆𝑥

(13)

(

Now, calculating the sensitivity coefficients in terms of T1
Assuming α=dT/dx= 3T1-4T2+T3/2Δx
𝑑𝑞"
2
3𝑞"
= −𝑘𝐶𝑢
=
𝑑𝑇1
2∆𝑥
𝛼
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(14)

𝑑𝑞" 2 9𝑞"2
(
) = 2
𝑑𝑇1
𝛼

(15)

𝑑𝑞"
−4 = 4𝑞"
= −𝑘𝐶𝑢
=
𝑑𝑇2
2∆𝑥
𝛼

(16)

𝑑𝑞" 2 16𝑞"2
) =
𝑑𝑇2
𝛼2

(17)

𝑑𝑞"
1
𝑞"
= −𝑘𝐶𝑢
=
𝑑𝑇3
2∆𝑥 𝛼

(18)

𝑑𝑞" 2 𝑞"2
) = 2
𝑑𝑇3
𝛼

(19)

(

(

Putting the values of equation 11, 13, 15, 17 & 19 in equation 9 we get the final expression of bias
error.
2

2

2

2

(𝑈𝑘𝐶𝑢 )
(𝑈𝑥 )2 9(𝑈𝑇1 )
16(𝑈𝑇2 )
(𝑈𝑇3 )
𝑈𝑞"
=√
+
+
+
+
2
2
2
2
𝑞"
∆𝑥
𝛼
𝛼
𝛼2
𝑘𝐶𝑢

(20)

The precision error can be calculated similar to bias error equation. The uncertainties associated
with thermocouple calibration, distance between the top thermocouple and the chip surface and
the thermal conductivity of copper is represented in Table 1.

[34]

Table 1 Table of uncertainty related to different components

Biased
Parameter

Value

Unit

% Uncertainty
Uncertainty

KCu

391.000

W/m.oC

9.000

2.301%

Δx

1.5 mm

mm

0.010

0.333%

Varies with

Varies with
o

T1

C

0.07

temperature

temperature

Varies with

Varies with
o

T2

C

0.07

temperature

temperature

Varies with

Varies with
o

T3

C

temperature

0.06
temperature

The uncertainty percentage can be calculated as follows:

𝐸% =

𝑈𝑞”
𝑞”

× 100%

[35]

(21)

The Figure 16 shows the uncertainty percentage for both heat flux and HTC at an air flow rate of
900 mL/min and for bulk liquid temperature of 10℃. To avoid overcrowding of plots
corresponding to different air flow rates, uncertainty for 900 mL/min is shown in Figure 17. As it
is evident from the plot, with the increase in heat flux, the error % decreases.

Figure 17 Uncertainty percentage as function of heat flux and HTC

[36]

7 Result
7.1 Experimental result
The experimental tests were carried out using ANRFC-3 as the test microchip. The experiment
was divided into two parts:
•

The first part of the experiments is to determine the appropriate bulk liquid temperature for
tests to be carried out for which the latent heat component from the evaporation of water
into injected vapor is negligible. Since the injected air is dry, water vapor can evaporate
into it. The maximum water vapor that the air can carry corresponds to the saturation
humidity ratio of the air at the bulk liquid temperature. As this temperature increases, the
saturation pressure, saturation humidity ratio and the latent heat contribution increase. This
component is kept low to ascertain that heat transfer is mainly by the single-phase heat
transfer mode.

•

The second part of experimental tests were conducted to evaluate the heat transfer
performance at different air flow rates using ANRFC-3 test microchip at the bulk
temperature determined in the first part.

[37]

7.1.1 Determination of appropriate bulk liquid temperature
To find out the appropriate bulk liquid temperature where the component of latent heat is
negligible, experimental tests were conducted using liquid temperatures of 6℃, 10℃, 60℃ and
75 ℃ and at an air flow rate of 250 mL/min on ANRFC-3 (Air nucleating region feeder channel)
test microchip and the subsequent heat flux, HTC values are plotted as shown in Figure 1. The
airflow rate of 250 mL/min was observed to give uniform bubble injection over the entire heater
surface.

Figure 18 Heat flux and HTC plot for different liquid temperatures

As it is evident from Figure 18, the heat transfer performance at higher liquid temperatures is high
and it can be credited to the substantial contribution due to the latent heat component. To justify
this, the heat flux due to latent heat is calculated corresponding to liquid temperatures of 6 ℃,
10℃, 60℃ and 75℃. It is seen that the HTC decreases with bulk liquid temperature, but it is
almost the same for 6 and 10℃. This indicates that the latent component for these temperatures is
quite small as compared to the sensible component. This is validated through analytical equations
in the next section.

[38]

7.1.1.1 Calculation of heat flux due to latent heat component
The air injected into the experimental setup is dry air at room temperature (23℃). Since, the air is
dry, the mass of water vapor in the dry air is zero. The humidity ratio associated with the dry is
calculated using equation:

𝑤=

𝑚𝑤 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑣𝑎𝑝𝑜𝑟
=
=0
𝑚𝑎
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑦 𝑎𝑖𝑟

(22)

The maximum amount of water vapor in the air can also be calculated as:
𝑤𝑠 = 0.622 ∗

𝑝𝑤𝑠
𝑝 − 𝑝𝑤𝑠

(23)

where, ws = maximum saturation humidity ratio of air, p = atmospheric pressure of air = 101325
Pa, pws = saturation pressure of water vapor.
The saturation pressure of water vapor, pws corresponding to different liquid temperatures and the
maximum saturation humidity ratio of air is shown in Table 2.
Table 2 Maximum saturation humidity ratio
Liquid temperature (in ℃)

pws (in Pa)

ws (kgw/kga)

6

870

0.005

10

1225

0.007

60

19724

0.150

74

38560

0.381

The density of dry air at room temperature is 1.22 kg/m3.
The volumetric flow rate of air, used in the experiment is 250 mL/min. The volumetric flow rate
can also be expressed in terms of m3/s as shown below:

[39]

250 mL/min = 250*(10-6/60) m3/s = 4.16*10-6 m3/s.
The mass flow rate of dry air, ṁa is represented as:

𝑚̇𝑎 = 𝜌. 𝑉̇ = 1.22

̇ 𝑚3
𝑘𝑔
𝑘𝑔
−6
∗
4.16
∗
10
= 5.07 × 10−6 ⁄𝑠
𝑚3
𝑠

(24)

The mass flow rate of saturated water vapor, ṁws can be expressed by the following formula:
𝑚̇𝑤𝑠 = 𝑤𝑠 ∗ 𝑚̇𝑎

(25)

The mass flow rate of saturated water vapor corresponding to different liquid temperature is shown
in Table 3.
Table 3 Mass flow rate of saturated water vapor
Liquid temperature (in ℃)

pws (in Pa)

ṁws (kgw/s)

6

870

2.53*10-8

10

1225

3.54*10-8

60

19724

7.60*10-7

74

38560

1.93*10-6

The inlet air has a temperature of 23℃. The air gains heat once it passes through the heated
microchip. The heat gained can be expressed as:
𝑄 = 𝑚̇𝑎 ∗ (𝑇ℎ − 𝑇𝑎𝑖𝑟,𝑖𝑛𝑙𝑒𝑡 )

where, Th = Heated chip temperature, ṁa = mass flow rate of dry air.

[40]

(26)

Figure 19 Heat transfer associated with the air bubbles

The various heat transfer occurring with the air bubbles when it is passing through the heated
surface is shown in Figure 18.
The heat gained by the air while passing through the microchip at different surface temperature is
shown in Table 4.
Table 4 Heat gained by air corresponding to different surface temperatures
Surface Temperature, Th (℃)

Heat gained, Q (W)

50

1.36*10-4

53

1.52*10-4

74.3

2.58*10-4

83.4

3.04*10-4

The heat energy required to make the vapor bubbles saturated is as follows:
𝑄𝑙𝑎𝑡𝑒𝑛𝑡 = 𝑚̇𝑤𝑠 ∗ ℎ𝑓𝑔

[41]

(27)

where, hfg is the latent heat of evaporation and its value is 2264 kJ/kg, and the heat energy
corresponding to different liquid temperatures is shown in Table 5.
Table 5 Latent heat corresponding to different liquid temperatures
Liquid temperature (in ℃)

ṁws (kgw/s)

Qlatent (in W)

6

2.53*10-8

0.05

10

3.54*10-8

0.08

60

7.60*10-7

1.72

74

1.93*10-6

4.36

The heat flux due to latent heat can be represented in Table 6:

𝑞"𝑙𝑎𝑡𝑒𝑛𝑡 =

𝑚̇𝑤𝑠 ∗ ℎ𝑓𝑔
𝐴

where A= Area of the test chip = 10 mm x 10 mm = 100 mm2 = 1cm2.

[42]

(28)

The heat flux due to latent heat component at different liquid temperatures is shown in Table 6.
Table 6 Heat flux due to latent heat component
Liquid temperature (in ℃)

ṁws (kgw/s)

q”latent (in W/cm2)

6

2.53*10-8

0.05

10

3.54*10-8

0.08

60

0.76*10-8

1.72

74

0.01*10-8

4.36

Figure 20 Latent heat component in heat flux

As it is evident from Figure 20, the latent component in heat flux is significantly higher for liquid
temperatures corresponding to 60℃ and 74℃, and it is negligible for 6℃ and 10℃. However, out
of 6℃ and 10℃, the latter was decided as the appropriate bulk liquid temperature because of two
reasons:
•

The latent heat component value in heat flux corresponding to liquid temperature of 6℃
and 10℃ is very closer to each other (0.05 W/cm2 and 0.08 W/cm2).
[43]

•

Sustaining the bulk liquid temperature of 6℃ during experimentation with increasing heat
fluxes is very difficult due to the limitations of the chiller.

7.1.2 Effect on heat transfer performance due to different air flow rates
`After fixating on the bulk liquid temperature 10℃ where the latent heat component is negligible,
experimental tests were conducted for air flow rates corresponding to 250 mL/min, 400 mL/min,
700 mL/min and 900 mL/min on ANRFC-3 chip. The subsequent values obtained were plotted for
heat flux and HTC as shown in Figure 21.

Figure 21 Heat flux and HTC plot for different air flow rates

It can be noted from the heat flux and HTC plots that with increasing air flow rate, the heat transfer
performance goes on increasing. This can be attributed to the increased stirring action induced near
the chip surface from where the bubbles emerge thus validating the hypothesis of this experimental
work.

[44]

The heat flux and HTC plots are also represented in terms of superficial air velocity. The
superficial air velocity is calculated using the following formula:

𝑆𝑢𝑝𝑒𝑟𝑓𝑖𝑐𝑖𝑎𝑙 𝑎𝑖𝑟 𝑣𝑙𝑒𝑜𝑐𝑖𝑡𝑦, 𝑣𝑎 =

𝐴𝑖𝑟 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒
𝑃𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑐ℎ𝑖𝑝 𝑠𝑢𝑟𝑓𝑎𝑐𝑒

(29)

where, the projected chip surface = 10 mm x 10 mm = 100 mm2 = 1 cm2.
The superficial air velocity corresponding to different air flow rates is shown in Table 7.
Table 7 Air flow rate corresponding to different superficial air velocity

Air flow rate (in mL/min)

Air flow rate (in m3/s)

Superficial air velocity, va (in m/s)

250

4.1 * 10-6

0.04

450

7.5 * 10-6

0.07

700

1.1*10-5

0.11

900

1.5*10-5

0.15

[45]

Figure 22 Heat flux and HTC values corresponding to the superficial liquid velocity, va

The heat flux and HTC plot corresponding to superficial air velocity for a bulk liquid temperature
of 10℃ is shown in Figure 21. It can be seen form Figure 22 as the heat flux increases, the liquid
near the heater surface gets heated and the latent heat component is considered leading to higher
HTC’s.

[46]

7.2 Theoretical

Figure 23 Analytical model

For theoretical analysis of HTC and Nusselt number, we developed an analytical model as shown
in Figure 23. The analytical model consists of the boiling area under consideration which is 10
mm x 10 mm, and the analysis is conducted for bulk fluid which is very close the surface because
at higher height of liquid, the air bubbles from the channels coalesce and it becomes difficult to
analyze them. The air bubbles emerging from the nucleating regions is considered to form a
rectangular strip and there are three such rectangular strips as shown in Figure 23. The area of the
liquid columns impinging on the feeder channels is found out using the following equation:
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑖𝑞𝑢𝑖𝑑 𝑐𝑜𝑙𝑢𝑚𝑛𝑠 = 𝑇𝑜𝑡𝑎𝑙 𝑏𝑜𝑖𝑙𝑖𝑛𝑔 𝑎𝑟𝑒𝑎 − 𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑖𝑟 𝑐𝑜𝑙𝑢𝑚𝑛𝑠

[47]

(30)

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑖𝑞𝑢𝑖𝑑 𝑐𝑜𝑙𝑢𝑚𝑛𝑠 = 100 𝑚𝑚2 − 3 ∗ 10 ∗ 2.12 𝑚𝑚2 = 𝟑𝟓. 𝟓 𝒎𝒎𝟐

Once an air bubble departs from its position a volume of space is created and to fill that volume,
equal volume of liquid impinging on the surface of feeder channels comes in. Applying the
continuity equation since no mass is added into the system, we get the velocity of the liquid
impinging on the feeder channels as shown below:
(𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒)𝑎𝑖𝑟 𝑏𝑢𝑏𝑏𝑙𝑒 𝑐𝑜𝑙𝑢𝑚𝑛 = (𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒)𝑙𝑖𝑞𝑢𝑖𝑑 𝑐𝑜𝑙𝑢𝑚𝑛

(31)

(𝑎. 𝑣)𝑎𝑖𝑟 𝑐𝑜𝑙𝑢𝑚𝑛 = (𝑎. 𝑣)𝑙𝑖𝑞𝑢𝑖𝑑 𝑐𝑜𝑙𝑢𝑚𝑛

The volumetric flow rate of air bubbles is already known from the flow meter, plugging in the
values of area of the liquid column, the value of impinging liquid velocity on the feeder channels
was found which is 117.3 mm/s for air flow rate of 250 mL/min. At higher flow rates, the
characteristic of air column becomes very chaotic near to the surface of the microchip which makes
it difficult to analyze and measure the air column width. So, the theoretical analysis is conducted
pertaining to air flow rate of only 250 mL/min.
The Reynold’s number for the fluid impinging on the feeder channel is found out by using the
following equation:

𝑅𝑒 =

𝜌 ∗ 𝑣𝑙𝑖𝑞𝑢𝑖𝑑 𝑐𝑜𝑙𝑢𝑚𝑛 ∗ 𝐷ℎ
= 192
𝜇

(32)

Plugging in the values of density of water, kinematic viscosity of water, hydraulic diameter and
the velocity of the air column impinging on the feeder channel, the Reynold’s number for an air
flow rate of 250 mL/min is found out which is 192. This value of Reynold’s number indicates that
the liquid flow on top of the feeder channels is laminar. The theoretical Prandtl’s number is also
calculated using the following equation:

[48]

𝑃𝑟 =

𝜇 ∗ 𝐶𝑝
= 9.41
𝑘

(33)

Using the value of Reynold’s and Prandtl number, the value of theoretical Nusselt Number is
calculated which would be required for calculating the theoretical HTC.
𝑁𝑢 = 0.745 ∙ 𝑅𝑒

1⁄
2

∙ 𝑃𝑟

1⁄
3

1⁄
2

= 0.745 ∙ (192)

1⁄
3

∙ (9.41)

= 21.63

(34)

The above equation is given by Liu et al [16], which they obtained by impinging subcooled liquid
on a heater block. The liquid column has uniform velocity profile and the equation is valid for
Reynold’s number < 300 and Prandtl Number <10. Using the value of Nusselt number, the
theoretical HTC is found out, which is 12.36 kW/m2. ℃.
A comparison of the experimental and theoretical HTC is shown in Table 8 which is conducted at
an air flow rate of 250 mL/min bulk liquid temperature of 10℃.

Table 8 Comparison of theoretical and experimental HTC values

It is clear from Table 8 that the theoretical and experimental HTC values are within the range of
30 % deviation, and they are the same order of magnitude.

[49]

7.3 High speed video visualization
The high-speed video is analyzed frame by frame for a flow rate of 250 mL/min and the various
stages of bubble growth is recorded. The bubbles coalesce very close to the surface after emerging
from the holes and at higher air flow rates the bubble coalescence becomes very chaotic at the chip
surface. Due to this chaotic bubble nature, analyzing at high flow rates becomes very difficult. So,
bubble growth and departure stages were analyzed for a flow rate of 250 mL/min. The images as
shown in Figure 24 shows the bubble growth process due to injected air in feeder channel. The red
dashed boundaries represent the interface of the bubble as it goes through various stages of bubble
growth.
2 mm

2 mm

b

a

2 mm

2 mm

c

d
2 mm

2 mm

e

f

Figure 24 Various stages of bubble growth form initiation to departure
[50]

It is noticed that the bubble departure diameter is about 2.15 mm. Figure 25 represents the plot of
bubble growth with time. The air bubble departure diameter when analyzed from the high-speed
video came out to be 2.15 mm which is in close correspondence with the critical capillary length
of 2.75 mm for water at 10℃.

Figure 25 Time taken by a bubble and its diameter at various stages starting from its growth and departure

[51]

8 Conclusions
After conducting the tests on ANRFC-3 microchip under different flow and bulk liquid
temperatures, the following noteworthy conclusions were made:
•

Experiments were conducted to study the effect of air bubble injection on heat transfer in
a pool of liquid (water) at atmospheric pressure.

•

Evaporation of water introduces a latent heat component. To clearly identify the effect of
air injection on single-phase heat transfer, lower bulk liquid temperatures were employed.
With the increase of bulk liquid temperature, latent heat component in heat flux become
dominant thus necessitating the experiments to be run at lower bulk liquid temperatures
where the latent heat component is negligible. It was found that the latent heat component
was negligible when the bulk water temperature was kept below 10 °C.

•

The substrate used was a copper chip with strips of “nucleating regions” separated by short
lengths of microchannels as used by Jaikumar and Kandlikar [17]. These chips were
modified to incorporate air injection holes in the nucleating region to simulate boiling.

•

Increasing the air flow rate induced stirring action of fluid near the heated surface of the
test microchip which is ANRFC-3 (Air nucleating region feeder channel chip) for our
experimental work. Due to this increasing stirring action of fluid with the gradual increase
of air flow rate, the heat transfer performance is also augmented.

•

Increasing the air flow rate from 250 mL/min to 900 mL/min subsequently increased the
HTC from 6 kW/m2. ℃ to 12 kW/m2. ℃ for a heat flux of 30 W/cm2.

[52]

•

High speed video revealed that the diameter of air bubbles was approximately 2.12 mm at
an air flow rate of 250 mL/min. At higher flow rates, the nature of air bubbles became
chaotic near the heater surface making it difficult to analyze the images. Hence, the bubble
departure diameter couldn’t be determined for higher air flow rates (450 mL/min, 700
mL/min, 900 mL/min).

•

It is concluded that single phase air injection at the heater surface can be used an effective
technique to improve the heat transfer in a pool of liquid.

[53]

9 Future work
The experimental work provides detailed insight into how air injection rate and various
experimental parameters can effectively affect the heat transfer performance. In the current work.
The flowmeter that was used to control the flow rate of air had an upper limit as 1000 mL/min.
For future work, a flowmeter with high flow limit can used to study and analyze how air injection
with even higher air flow rates >1000 mL/min can affect the heat transfer performance
The test chip and experimental setup could also be modified for bi-directional air flow passage to
explore the effects on the heat transfer rate. Also, other working fluids such as dielectric fluids and
refrigerants could be used in future experimental work.

[54]
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